ABSTRACT: Beneficial effects of microorganisms on plant productivity are well known from terrestrial ecosystems, but no corresponding effects on marine plants have been described. We tested the hypothesis that the bacteria Marinomonas posidonica and M. mediterranea, which have been described as a forming component of the microbiota on Posidonia oceanica, influence leaf growth and epiphytic communities of this seagrass. We carried out 4 treatments: (1) seedlings inoculated with M. mediterranea or (2) M. posidonica and seedlings to which (3) sterilized seawater (sterile control) or (4) fresh seawater (field control) was added. Two experiments were performed: a growth assay in the laboratory under sterile conditions measuring leaf area after 3 mo, and an epiphyte assay in which the seedlings were transferred to the field. Leaves were sampled after 3 mo to analyse the community structure of epiphytes. The growth experiment showed that inoculation with M. posidonica enhanced leaf growth of P. oceanica compared with the controls to which no bacterial strain was added. In contrast, inoculation with M. mediterranea did not stimulate leaf growth. Likewise, inoculation with M. posidonica induced changes in epiphyte structure and can be expected to have a regulatory effect on macroepiphyte structure.
INTRODUCTION
Specific microbe−plant associations play an important role in promoting plant production in terrestrial ecosystems. For example, Rhizobium spp. or Glomus spp. produce nitrogen-fixing nodules or arbuscular mycorrhizal fungi, respectively, which enhance plant growth in nutrient-limited soil (Avis et al. 2008) . The ecological importance of these associations in terrestrial plants is such that Glomus spp. are obligate symbionts of > 80% of terrestrial plants (St-Arnaud et al. 1996 , Selosse et al. 2006 . Other microorganisms, such as Pseudomonas spp., indirectly assist plant productivity through the control of plant pathogens. In particular, Pseudomonas spp. have been widely studied for their ability to reduce the development of various soilborne plant pathogens (Carisse et al. 2003) . Numerous modes of action have been reported for Pseudomonas spp., including the production of antimicrobial compounds (Thrane et al. 2000) , competition (Ellis et al. 1999) or the induction of plant defence mechanisms (Ongena et al. 2000 (Ongena et al. , 2002 . The role of associations between bacteria and host plant surfaces in maintaining productivity of primary producers in marine ecosystems is, however, un known.
Marine biofouling communities are complex, highly dynamic systems consisting of a wide range of organisms. Such communities develop with bacterial attachment followed by colonisation by higher organisms such as invertebrate larvae and algal spores (Richmond & Seed 1991 , Rodríguez et al. 1993 , Maki 1999 , Callow 2000 . The initial phases of colonizing underdeveloped surfaces in the sea last from minutes to days. Bacteria become established in the first hour, diatoms during the first day and larval spores after 1 wk (Wahl 1989) .
Bacteria on the surface of living plants appear to form spatially structured, host-specific and relatively stable communities during the life-span of their host (Bhadury & Wright 2004 , Pasmore & Costerton 2003 , Egan et al. 2008 . Competition between bacteria, the ability to resist grazing, and host-derived factors such as surface-localized secondary metabolites are some of the factors likely to determine the final surface community (Givskov et al. 1996 , Manefield et al. 2001 , Matz & Kjelleberg 2005 , Rao et al. 2005 , Egan et al. 2008 . In terms of chemical ecology, it seems likely that some strains of epibiotic bacteria on living surfaces play a 'protective' role, releasing chemicals that prevent biofouling by other organisms (Armstrong et al. 2001 , Rao et al. 2005 . Studies on different bacterial species have underlined the importance of exopolymeric substances for the activation or inhibition of macrofouling settlement (Young & Mitchell 1973) , suggesting that initial bacterial composition would have a cascading effect on the structure of the epiphyte community, although this aspect remains unexplored.
Leaves and rhizomes of Posidonia oceanica (L.) Delile offer suitable substrata for the settlement and growth of a number of epiphytic organisms that form stratified multi-species assemblages . Leaf epiphytes may account for up to 30% of the canopy biomass of P. oceanica (Mazzella & Ott 1984) , support a substantial community of micro-and macrograzers (Orth & Van Montfrans 1984) and display high species diversity (Boero 1981 . Encrusting red or brown algae, filamentous algae, encrusting and erect bryozoans, hydroids and foraminifera are some of the most common morphological groups found P. oceanica blades (Pardi et al. 2006) . The abundance and wide species composition of these epiphytes support most of the herbivores that inhabit seagrass patches (Kitting et al. 1984 , Nichols et al. 1985 , Gleason 1986 , Dauby 1989 .
The melanogenic marine bacterium Marinomonas mediterranea displays a rich secondary metabolism. It expresses 2 different growth-phase-regulated polyphenol oxidases, a tyrosinase and a laccase (Lucas-Elío et al. 2002) . The tyrosinase is involved in melanin synthesis using tyrosine as substrate (López-Serrano et al. 2004 ). In addition, M. mediterranea synthesizes an antibacterial protein, marinocine, which shows activity against both gram-positive and gram-negative bacteria. The antimicrobial activity of marinocine is due to the hydrogen peroxide generated by its lysine oxidase activity (Gómez et al. 2006 ). Contrary to M. mediterranea, M. posidonica neither synthesizes melanin nor expresses an extracellular lysine oxidase . M. posidonica, which has been isolated only from the surface of P. oceanica, could, however, still play an important role in influencing plant growth if it facilitates other beneficial bacterial species or secretes nutritional substances of benefit to the host.
We tested the hypothesis that the bacteria Marinomonas mediterranea (Solano et al. 1997) and M. posidonica , which form part of the microbiota on Posidonia oceanica, stimulate seagrass growth, inhibit seagrass epiphytes and influence epiphyte community structure on seagrass.
Our aim was to study the effects of both the bacterial species on the leaf growth and the epiphyte community established on Posidonia oceanica seedlings.
MATERIAL AND METHODS

Bacterial strains
Marinomonas mediterranea MMB-1 (ATCC 700492) and M. posidonica IVIA-Po-181 (NCIMB 14433) were routinely grown in Marine Broth or Marine Agar 2216.
Growth assay
Posidonia oceanica fruits were collected at Hornillo Bay (Murcia, SE Spain) in April and May 2008. Forty fruits were sterilized in 70% ethanol and sodium hypo chlorite (30:70) for 30 min and then rinsed 3 times in sterile distilled water. After sterilization, all the seeds were extracted from the fruits and individually germinated in glass bottles with 150 ml of solid agar substrate. The solid substrate was prepared from sterilized bidistilled water, 8% bacteriological agar and marine salt (PRODAC) (36 g l −1
), following Balestri et al. (1998) ). Two weeks after plantation in agar, 200 ml of artificial seawater (prepared from bidistilled water and the abovementioned marine salt, 36 g l ) was added to every bottle. The germinated seeds (henceforth referred to as seedlings) had a single rhizome with 2 leaves (mean leaf area: 1.17 cm 2 ) and 1 root. Four treatments were developed (n = 8 seedlings per treatment): seedlings inoculated with 10 8 cells of Marinomonas mediterranea or M. posidonica diluted in 2 ml of sterilized seawater (MM and MP treatments, respectively), and seedlings to which 2 ml of sterilized seawater (sterile control) or fresh seawater (field control) was added (SC and FC treatments, respectively) ( Fig. 1) . Fresh seawater was collected from Hornillo Bay (Murcia, SE Spain). The SC treatment was used to check the plant growth without bacterial influence whereas the FC treatment was used to compare the influence of the complex interactions of the marine bacterial communities. All the seedlings were incubated detailed above. Plating confirmed that inoculations were successful for each of the bacterial treatments. Tubes in which contamination was observed were eliminated, so that a total of 32 seedlings were used. Three months after inoculation in the laboratory, the leaf area of every seedling was measured with a ruler.
Epiphyte assay
In July 2008, after 3 mo in the laboratory, seedlings were transplanted to the field to an unvegetated patch of dead rhizomes at 13 m depth in Hornillo Bay. Prior to transplant, each seedling was transferred from its glass bottle to a separate plastic mesh pot (8 cm high × 8 cm diameter) with fiberglass as substrate. The pots were labelled and transported in a plastic container (200 l) with sterile seawater and an air pump to the field area (2 h from the laboratory). The pots with the seedlings were taken to the sea floor and buried in sediment by SCUBA divers. Pots of the 4 treatments were randomly placed every 2 m along 3 transects. Herbivores were not excluded to avoid caging effects on leaf macroepiphytes. Macro algal epiphytes were examined after 90 d (September 2008) on the most external leaf of each seedling to ensure that the analysis focused on mature assemblages (Vanderklift & Lavery 2000 , Buia et al. 2003 , Pardi et al. 2006 .
The top 10 cm (from the tip) of seagrass leaves were examined for macroalgal epiphytes under a dissecting microscope fitted with a grid of 100 squares. The macroalgal epiphytes were assigned to morphological groups (filamentous, red crustose, brown crustose, green crustose, red corticated, brown corticated, foliose and articulated calcareous algae) according to Steneck & Dethier (1994) . Functional groupings of algae are based on anatomical and morphological characteristics that correspond to ecological conditions. The abundance of each morphological group was obtained by examining 5 visual fields of 1 cm 2 on the upper surface of the leaf and recording the presence or absence of that taxon within 9 squares per visual field, as a total of 9 × 5 = 45 squares examined. This was considered a sufficient sample size as the cumulative frequency of epiphyte species had reached a plateau at that number of visual fields (species−area curve). The total area examined for epiphytes was 5 cm 2 , following the methodology of Pardi et al. (2006) and Piazzi et al. (2004) . A percentage cover of each morphological group was calculated by determining the proportion of squares out of the total (45) in which it was present.
Data analyses
Differences in leaf area among the 4 treatments of the laboratory growth assay were compared using a one-way ANOVA. Prior to ANOVA, data were tested using a Kolmogorov-Smirnov test for normality and a Cochran test for homogeneity of variance (α = 0.05). After ANOVA, differences between specific treatments were determined with a Tukey's honestly significant difference (HSD) post hoc test (α = 0.05).
PRIMER (version 6; Clarke & Warwick 2001) was used to examine differences in epiphyte communities among treatments of the field experiment. Hierarchi- cal cluster analysis and multidimensional scaling (MDS) of Bray-Curtis similarities among fourth-root transformed data were used to compare epiphyte community composition between treatments. Similarity percentage (SIMPER) analysis (Clarke & Warwick 2001) was used to identify which species made the greatest contributions to those differences. The ratio of the contribution of each species to average dissimilarity:standard deviation (>1.3) of the BrayCurtis species dissimilarity between 2 samples was used to determine those species that contributed most to the dissimilarity between 2 groups. These species were thus considered good discriminating species (Clarke & Warwick 2001) . The abundance of epiphyte morphological groups, identified by SIMPER as important contributors to multivariate differences, was compared between treatments, transects and their interaction using a 2-way ANOVA.
A 2-way PERMANOVA was used to determine whether significant effects occurred between treatments, transects and if there were any interactive effects between transect and epiphyte community structure (Anderson 2001 ) with a post hoc pair-wise comparison between treatments (p-values from PER-MANOVA analysis were obtained using 9999 permutations). The Bray-Curtis similarity coefficient was employed to construct a similarity matrix from the fourth-root transformed densities of macroepiphytic species recorded for each replicate.
To check that differences in community composition among treatments were not an artifact of the differing leaf areas among treatments (the species−area hypothesis posits an increase in species richness as the area increases; Cain 1938), a Pearson's correlation between leaf area and the number of functional groups of epiphyte present was run on data from all treatments.
RESULTS
Growth assay
Microbial inoculation had a clear effect on leaf area (ANOVA, F 3, 28 = 6.6, p = 0.002; Fig. 2) . Posidonia oceania leaf area in the MP and FC treatments was larger than in the MM and SC treatments (MP = FC > SC = MM; Tukey's HSD post hoc test, p < 0.05). The MM treatment showed no significant differences from the SC treatment, and the MP and FC treatment were similarly statistically indistinguishable from one another (Tukey's HSD post hoc test, p > 0.05).
Epiphyte assay
Prior to the commencement of the field experiment, epiphytes were absent from the SC, MM and MP treatments. Macroalgae were similarly absent from the FC treatment, although some leaves were covered by biofilm.
By the conclusion of the field experiment, the experimental seedlings were colonized by filamentous, red crustose, brown crustose, green crustose, red corticated, brown corticated, foliose and articulated calcareous algae. MDS showed a different epiphyte community structure between the MM and MP treatments (Fig. 3) but a high dispersion of replicates within the FC and SC treatments, such that the latter 2 treatments could not be clearly distinguished from one another or the other treatments.
The results for a 2-way PERMANOVA showed significant differences in epiphyte community structure between treatments (pseudo-F 3,15 = 3.17, p = 0.01), but there was no difference between transects (pseudo-F 2,15 = 1.16, p = 0.73) or between the interaction of transect location and inoculation treatment (pseudo-F 6,15 = 0.52, p = 0.73). Pair-wise comparisons among all pairs of inoculation treatments revealed no significant differences except between MP and MM (t = 4.27, p = 0.0003). SIMPER analysis indicated that patterns in the epiphyte macroalgal community were driven mainly by differences in the abundance of red crustose, filamentous and red cor- ticated algae (average dissimilarity/standard deviation > 1.3). However, the 2-way ANOVA did not show significant differences in the morphological group of epiphytes between treatment, transect location or their interaction. The abundance of epiphyte growth forms of the different treatments are shown in Table 1 . The Pearson correlation indicated that there was no relationship between leaf area and the number of morphological groups of epiphyte present (r 2 = 0.02, p = 0.48).
DISCUSSION
Microorganisms that are known to have a beneficial effect on terrestrial plants are generally classified into 2 broad groups based on their primary effects: (1) microorganisms with direct growth-promoting effects on plants and (2) biological control agents that indirectly assist with plant productivity through the control of plant pathogens. The growth assay with seedlings cultured in sterilized media confirmed that inoculation with Marinomonas posidonica enhanced leaf growth in Posidonia oceanica compared with the sterile control with no bac terial strain added. In contrast, inoculation with M. mediterranea did not have a stimulatory effect on leaf growth. No significant differences were ob served in leaf growth between the M. mediterranea treatment (MM) and the sterile control (SC), suggesting that the stimulatory effect on growth from M. posidonica did not oc cur with M. mediterranea. However, effects on growth similar to those observed with M. posidonica were observed when non-sterilized seawater was added (FC treatment), suggesting that some micro organisms from the seawater sample were able to colonize seedlings, thereby producing a stimulatory effect similar to the M. posidonica treatment (MP).
Several mechanisms could explain the influence of bacterial strains on Posidonia oceanica seedlings: (1) they play a 'protective' role, releasing chemicals that prevent biofouling by other organisms (Armstrong et al. 2001 , Rao et al. 2005 ; (2) they indirectly assist plant productivity through the control of plant pathogens (Carisse et al. 2003) ; (3) they favour growth of organisms that are beneficial to the plant; and (4) they liberate metabolites or nutrients that induce plant growth. Because the experiments were carried out under sterile conditions without influence of pathogens or fouling organisms, mechanisms 1, 2 and 3 can be excluded. It is possible that Marinomonas posidonica secreted meta bolites or nutrients that favour seedling growth. However, more information on the metabolic capacities of M. posidonica and M. mediterranea is needed to identify the exact influence on plant growth.
The epiphyte assay demonstrated that macroalgal epiphyte communities responded to the bacteria present on seagrass. Patterns in the epiphyte macroalgal community were driven mainly by changes in the abundance of red crustose, filamentous and red corticated algae, which were more abundant in the Marinomonas posidonica treatment (MP). Differences in epiphyte community structure between the Marinomonas posidonica (MP), the M. mediterranea (MM) and the sterile control (SC) treatments could be also explained by the greater leaf area of the MP treatment (species−area hypothesis). However, the results of the Pearson test of linear correlation between leaf area and the number of morphological groups do not support this hypothesis. This suggests that differences in epiphyte community structure between microbial treatments were due to direct effects of the microbes and not the indirect effect of changes in the blade size, resulting from microbial effects on growth rate. Previous studies have found high variability in the epiphytes on leaves of Posidonia oceanica (Piazzi et al. 2004 (Piazzi et al. , 2007 and other seagrass species (Vanderklift & Lavery 2000) at a scale of metres. This smallscale variability may be influenced by differences in shoot density and the characteristics of the canopy, which affect light intensity and water movement (Gambi et al. 1989) , local hydrodynamic flows that affect the dispersal, settlement and recruitment of propagules (Trautman & Borowitzka 1999 , Vanderklift & Lavery 2000 , or the role of biotic interaction, such as grazing pressure and the influence of established assemblages on potential recruitment (Mazzella & Russo 1989) .
In conclusion, the laboratory analysis with sterile seedlings of the seagrass Posidonia oceanica showed that inoculation with the bacteria Marinomonas posidonica enhances leaf growth. In contrast, seedlings inoculated with M. mediterranea did not show significant differences from sterile seawater controls. The beneficial effects of microorganisms are well known from terrestrial ecosystems, where they promote plant productivity, but no corresponding effects on marine plants have been described. This study demonstrates that microorganisms can also promote plant productivity in marine ecosystems. Inoculation with M. posidonica induced changes in epiphyte structure and can be expected to have a regulatory effect on macroepiphytic community structure, especially when this bacterium is predominant on the seagrass. This supports the idea that the inoculation of seedlings with bacteria could influence the establishment of the epiphyte community. The effect of M. posidonica could have a direct application in seagrass restoration programmes with seedlings with P. oceanica. 
